Objectives: This study aimed to assess the relationship between bone mineral density, fragility fractures, fracture risk and polymorphisms of two osteoporosis-candidate genes (GGPS1 and RANKL) in Romanian women with postmenopausal osteoporosis. Methods: An analytical, prospective, transversal, observational, case-control study on 364 postmenopausal women, of which 228 were previously diagnosed with osteoporosis, was carried out between June 2016 and August 2017 in Cluj Napoca, Romania. Clinical data and blood samples were collected from all study participants. Polymorphisms in GGPS1 and RANKL genes were genotyped using TaqMan SNP Genotyping assays, run on a QuantStudio 3 real-time PCR machine. Results: The CT genotype in GGPS1 rs10925503 was associated with significant lower bone mineral density values at lumbar spine and femoral neck sites and a higher fracture risk compared to controls. No significant association was found between genotypes of RANKL rs2277439 with bone mineral density or fracture risk compared to the healthy controls. Conclusions: Our study showed a strong association between low bone mineral density and genotype CT of GGPS1 rs10925503 polymorphisms. No association was found for RANKL rs2277439 polymorphism.
Introduction
Osteoporosis (OP) is a common disease characterized by a systemic impairment of bone mass and microarchitecture, that results in fragility fractures. With an aging population, the medical and socio-economic effect of OP, particularly postmenopausal OP, will increase further (1) . Because bone loss occurs insidiously and is initially asymptomatic, OP is often only diagnosed after the first clinical fracture has occurred (2) .
The measurement of bone mineral density (BMD) by Dual-energy X-ray absorptiometry (DXA) is a valid method to diagnose OP and to predict the risk of fracture (3) . The fracture-risk assessment tool (FRAX ® ), integrates clinical risk factors with DXAbased BMD to predict an individual's 10-year risk of sustaining a hip fracture, as well as the 10-year probability of having a major osteoporotic fracture at the election sites of spine, forearm, hip, or shoulder (4) .
Among other risk factors, OP has a strong genetic component and it is assumed that 50% to 80% of the variability of BMD may be explained by genetic or hereditary factors (5) . However, despite the studies published in the past two decades, the identification of the genes involved still remains unclear. In recent years, researchers have turned their focus towards multiple pathways due to their important role in skeletal homeostasis and searched for the genes that could have an impact on OP phenotype. The main pathways studied were as Association between polymorphisms in GGPS1 and RANKL genes and postmenopausal osteoporosis in Romanian women Among the genes studied, the RANKL/RANK/OPG pathway gained much interest as it regulates bone remodeling, playing an important role in the cellular interactions between osteoblasts and osteoclasts. Osteoblasts express RANKL, which is a ligand that interacts with receptor activator of NF-k-B (RANK) in the osteoclasts, leading to their activation, differentiation and fusion. Osteoprotegerin (OPG), which is a decoy receptor for RANKL, protects the skeleton from excessive bone resorption by binding to RANKL and preventing it from associating with RANK. When imbalance between bone formation and resorption occurs, it leads to osteoporosis (24,25).
The discovery of mevalonate pathway's role as the target of the antiresorbtive agents from the amino-bisphosphonates (N-BP) class, used in postmenopausal osteoporosis treatment, revealed other important genes to be considered as candidate genes in OP, like geranylgeranyl pyrophosphate synthase (GGPS1) (17-19).
Regardless of the efforts made by researchers world-wide to associate single nucleotide polymorphisms (SNPs) in several genes with bone mineral density (BMD), the results are still inconclusive, and to date, no gene has been definitely identified as a major gene for osteoporosis (26) .
The purpose of the present study is to evaluate the relation between BMD, fragility fractures, fracture risk and genotypes of two SNPs in osteoporosis candidate-genes (GGPS1 rs10925503 and RANKL rs2277439) in Romanian women with or without postmenopausal osteoporosis.
Methods

Study population
An analytical, prospective, transversal, observational, case-control study on 364 postmenopausal Romanian women was carried out between June 2016 and August 2017. Diagnosis of osteoporosis was made using the World Health Organization T-score criteria (T-score ≤ -2.5 at any site). The women included in the study were divided into two groups based on their T scores: osteoporosis (n=228) and healthy controls (n=136). All the women included in the study were recruited from the Clinical Rehabilitation Hospital in Cluj-Napoca, Romania.
The inclusion criteria were as follows: women, at least 45 years old, which had been menopausal for at least 1 year. The exclusion criteria were as follows: history of metabolic bone diseases (e.g. hyperparathyroidism, osteomalacia, Paget disease), malignancy or bone metastasis.
Clinical data was collected by interview and from the medical documents of each patient: age, history of fragility fractures at the election sites (vertebral, hip or wrist), lumbar spine (L1-L4), femoral neck and total hip BMD. These data was also used to calculate the 10-year probability of fracture using the FRAX ® algorithm. Furthermore, a 2 ml EDTA vial of peripheral blood was collected from each study participant for genotyping the two selected SNPs.
The study was approved by the Ethics Committee of the University of Medicine and Pharmacy "Iuliu Hațieganu" Cluj-Napoca (approval no. 248/09.06.2016). All participants were informed of the characteristics of the study and all gave signed informed consent regarding the genetic testing and clinical data collection prior to inclusion.
SNP genotyping
Genomic DNA was obtained from peripheral blood withdrawn on EDTA, using commercially available kits (PureLink Genomic DNA Mini Kit, Invitrogen, Thermo Fisher, USA). We genotyped one SNP in two osteoporosis-candidate genes in all patients and controls (GGPS1 rs10925503 and RANKL rs2277439), using TaqMan SNP Genotyping assays purchased from Applied Biosystems, according to manufacturer's instructions, and run on a QuantStudio 3 real-time PCR machine (Applied Biosystems, Thermo Fisher, USA).
Statistical analysis
Statistical analysis was performed using MedCalc Statistical Software version 18.6 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2018). Qualitative data were characterized by frequency and percent. Quantitative data were described by mean and standard deviation or median and 25 -75 percentiles, depending on the normality of distribution at Shapiro-Wilk test. Differences between groups were tested using the chi-square, Mann-Whitney or T test, whenever appropriate. A p-value <0.05 was considered statistically significant.
Results
The main characteristics of the women included in the study are shown in Table 1 . The median and interquartile range (IQR) values of BMD at the election sites (lumbar spine L1-L4, femoral neck and total hip) and fracture risk score based on FRAX ® algorithm are shown in Table 2 . The allelic and genotypic models between groups are shown in Table 3 . Correlation between genotypes and history of fragility fractures are shown in Table 4 .
Genotype frequencies of the GGPS1 rs10925503 SNP in the study population were distributed as follows: CC=284 (78.02%), CT=74 (20.32%) and TT=6 (1.66%), showing that the C allele frequency is 0.88, while the T allele frequency is 0.12.
The heterozygous CT in GGPS1 rs10925503 showed significant lower BMD values in the lumbar spine and femoral neck than the homozygous CC or TT (p=0.022 and p=0.006, respectively), but not in the total hip (p>0.05). Also, the 10-year risk of sustaining a hip fracture or other major osteoporotic fracture was significantly higher in the heterozygous group (p=0.008 and p=0.004, respectively). When comparing the OP group to the control group, statistical significance was found when analyzing the codominant and recessive model (p<0.003 and p<0.001, respectively). No association was found between genotypes and history of fragility fracture (all p>0.05).
Genotype frequencies of the RANKL rs2277439 SNP in the study population were distributed as follows: AA=127 (34.89%), AG=229 (62.91%) and GG=8 (2.2%), showing that the A allele frequency is 0.67, while the G allele frequency is 0.33.
No statistical significance was found in any of the correlations made for RANKL rs2277439 (all p>0.05).
Discussion
OP is considered as one of the major epidemics of the 21st century, affecting approximately 200 million people globally, with significant impact on morbidity and mortality and massive socioeconomic burden. It is mainly characterized by decreased BMD and increased risk of bone fragility, and is typically asymptomatic until a fragility fracture occurs (27). Complex diseases such as OP result from the combined effects of variation in a number of genes as well as environmental factors (28). Identification of susceptibility genes underlying complex diseases remains an interesting challenge in the genome era. Previous efforts to identify OP genes have focused on three approaches: genome-wide scans, candidate gene study, and animal models (29).
The genetics of osteoporosis has revealed promising associations between many polymorphisms in candidate genes and bone traits, but mostly lacks sufficient statistical power and show false-positive results. Genes involved in bone formation/resorption pathways have been correlated to the risk of developing OP, and high risk of hip and vertebral fractures, and to BMD values. Therefore, these gene variants could affect homeostasis and bone structure, and as a result, BMD values (26).
Even though in the last two decades researchers have continuously searched for the role of genetic factors in the pathogenesis of bone loss, up to date, there is no conclusive etiologic information about OP or osteoporotic-related fractures. Researchers turned their focus towards genes belonging to pathways that are thought to be involved in bone homeostasis. But up to date, no conclusive data is available, as each author recommends multiplying the results in larger cohorts and other ethnic populations. "Risk alleles" for some of these genes have been observed in some populations, but the SNPs are generally associated with modest effects on the phenotypes of interest (27).
GGPS1 is part of the mevalonate pathway, and it is known to be an important target of aminobisphosphonates (N-BPs) in osteoclasts. It belongs to the trans-prenyltransferase family and is speculated to affect the skeletal response to alendronate (30). However, little is known about its role in the etiology of OP. In postmenopausal Korean women, those with two deletions in the allele of GGPS1 rs3840452 had significantly higher femoral neck BMD and a higher risk of non-response to N-BP therapy (17). In the present research, the heterozygous CT of rs10925503 SNP showed significantly lower BMD values at all measured sites and a higher fracture risk than the homozygous CC or TT. Also, results show that the TT genotype, and/or the presence of the T allele could predict an osteoporosis phenotype. Also, it is important to mention that the genotypic and allelic frequency was different than previously reported in the Chinese population, where the major allele was found to be T (19).
The RANK/RANKL/OPG system regulates bone remodeling, by playing an important role in the cellular interactions between osteoblasts and osteoclasts (24). This pathway is known to be important to bone physiology, and has led to the design of a drug that reduces the risk of osteoporoticrelated fractures (denosumab) (31). A large collaborative meta-analysis assessing the effects of common genetic variants in SNPs described as associated with osteoporosis and BMD confirmed that variants in the RANK, RANKL or OPG genes influence BMD and/or fracture risk (32). We found no significance in any of the correlations made between genotypes of rs2277439 polymorphism and BMD or fracture risk in our cohort.
This study has several limitations. First, the sample size was modest, as it is a known fact that genetic testing needs higher number of subjects to achieve sufficient statistical power. Secondly, it included only women from one ethnic group and it is not clear if the results can be related to other populations.
To our knowledge, this is the first study to detect an association between SNPs of GGPS1 and RANKL genes with BMD and fracture risk in a Romanian cohort of women with postmenopausal osteoporosis. Also, none of the SNPs included in this study has been evaluated before in a Romanian population. Data obtained from the current study could be of importance to Romanian postmenopausal women, as the burden, of OP and osteoporosisrelated fractures, is increasing in Romania, as in other European countries (1) .
The success in finding OP genes rests on the collection of data from large cohorts of clinically well-characterized individuals. It is expected that with such statistically robust large-scale studies, many of the genes influenced by OP phenotype will likely be identified in the future.
Conclusions
Our study showed a strong association between osteoporosis and the heterozygous CT genotype of GGPS1 rs10925503 polymorphism, which showed lower BMD values and a higher fracture risk than the homozygous TT or CT, in the codominant and recessive models. No statistical significance was found between any genotype of RANKL rs2277439 and BMD or fracture risk in Romanian women with postmenopausal osteoporosis. 
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